Medical staff is an occupational group exposed to different agents suspected to induce genetic damage. Among them ionising radiation is the most studied. Cytogenetic analysis of human chromosomes in peripheral lymphocytes allows direct detection of mutation in somatic cells. This study investigated the cytogenetic effects of low-level ionising x-radiation in 48-hour peripheral blood lymphocyte cultures sampled from 765 hospital staff occupationally exposed to several agents known or suspected to induce chromosome damage and compared them with 200 control subjects. The exposed subjects were divided in eight (8) groups according to their specialities and job titles. The exposed groups manifested an increase in all types of chromosome aberrations. Acentric fragments were the most frequent chromosome-type aberration. Dicentric chromosomes were statistically significant only in urologists/gynaecologists. Age and smoking significantly influenced the incidence of dicentrics in the exposed groups. The frequency of ring chromosomes was low in all exposed groups (range: 0-2), and none were found in the control group. These findings indicate the importance of periodic medical checkups of hospital staff occupationally exposed to low doses of ionising radiation. The purpose is to create an individual cytogenetic register, where changes could evidence individual risks.
Hospital staff are an occupational group exposed to different agents suspected to induce genetic damage, such as ionising radiation (x-and gammarays), radionuclides, cytostatic drugs, and anaesthetic gases, all of which have been investigated for their cytogenetic effects. Ionising radiation has been the most studied among them. The late effect of low doses can aid in the formation of very active free radicals that can produce chromosomal aberrations related to complex chromosomal rearrangements (1) . Although the doses are reduced nowadays, exposure to ionising radiation still is a potential hazard for hospital workers. However, because of the accumulation of aberrations with exposure time, chromosome analysis is a valuable method for screening working populations at risk with a common occupational radiation history (2) .
The scoring of specific unstable chromosome-type aberrations such as acentric fragments, dicentrics, and ring chromosome in peripheral blood lymphocytes of exposed workers was established in the early 1960s as a reliable method to detect and possibly measure previous exposures to ionising radiation in humans (3) . An advantage of using asymmetrical chromosome aberrations in routine monitoring of radiation exposure is that they can be scored with conventional staining methods.
For subjects exposed to zero or low doses, cytogenetic studies can provide useful information for physicians (4) . Radiation protection limits do not define safe or unsafe levels of radiation exposure. Exceeding a limit does not mean that one will get cancer. For radiation protection purposes, it is assumed that risks are related to the size of the radiation dose. Occupational radiation exposure is normally less than a few cGy per year. The International Commission on Radiological Protection (ICRP) has set the following limits on exposure to ionising radiation: the general public shall not be exposed to more than 1 mSv per year (over and above natural background); occupational exposure shall not exceed 20 mSv per year. These limits exclude exposure due to background and medical radiation. The limit for normal occupational exposure is 0.05 Sv a year (5) .
Cytogenetic analysis was performed within systematic examinations that were obligatory every five years for persons working in an ionising radiation zone in Croatia. The current whole-body dose limit is 50 mSv per person occupationally exposed to radiation. All workers exposed to ionising radiation were regularly monitored with film dosimeters.
The purpose of this study was to provide an assessment of the genotoxic risk associated with exposure to ionising radiation in different medical professions. We used a large database (including years 1991-2005) of our laboratory in Zagreb that performed routine surveillance of the occurrence of cytogenetic damage in hospital workers exposed to ionising radiation. The size of this group allowed evaluation of the extent of cytogenetic damage in hospital staff.
SUBJECTS AND METHODS

Study population
A total of 765 medical workers of different job titles were examined for the incidence of chromosome aberrations. Two hundred healthy volunteers who had not been occupationally exposed to ionising radiation served as control. The subjects were divided in groups according to their job title at the time of blood collection, as follows: anaesthesiologists (n=80), anaesthetic technicians (n=45), radiology technicians (n=250), operating room nurses (n=100), surgeons (n=100), nurses (n=50), radiologists (n=100), and urologists/gynaecologists (n=40). All subjects were interviewed and completed a questionnaire including demographic data, smoking habit, exposure to ionising radiation and anti-neoplastic drugs, and intake of antibiotic drugs. They signed an informed consent form prior to their inclusion in the study. The study was approved by the ethics committee of the Institute for Medical Research and Occupational Health in Zagreb, Croatia.
The groups did not completely match in age. The control group consisted of younger people who underwent pre-employment screening. Matching was also not possible for sex. Nurses and operating room nurses were all women, and women prevail in the anaesthetic technician group. In contrast, surgeons and urologists/gynaecologists were mostly men.
Smoking habit is presented as smokers and nonsmokers, and as a smoking index, which is defined as the average number of cigarettes smoked per day multiplied by the average duration of smoking in years (6) . The portion of smokers in the control group was smaller than in the exposed group (Table 1) .
Cytogenetic method
Venous blood samples were collected into heparinised tubes. All samples were coded and culture was generally initiated within 24 hours. A standard procedure for chromosome aberration analysis from whole blood was applied (7) , and the slides were screened for unstable chromosomal aberrations, including dicentric and ring chromosomes, acentric fragments, and tri-and tetra-radial exchanges. From each person, 200 metaphases were scored.
Statistical analysis
The Poisson regression analysis was performed to evaluate independent association between the acentric fragments and dicentric chromosomes, and potential confounders, i.e., age, sex, smoking habit, and duration of exposure. Logarithm of the number of cells scored was used as an offset variable to adjust for the differences in these numbers. Models were weighted for the number of cells scored, and 95 % confidence interval (95 % CI) was always reported. This statistical analysis was performed using SAS 8.0 statistical package (8) . The differences between groups were determined by the two-sided chi-square test with Yates's correction.
RESULTS
Population profiles are shown in Table 1 . The study subjects were divided in eight exposed groups (anaesthesiologist, anaesthetic technician, radiology technician, operating room nurse, surgeon, nurse, radiologist, and urologist/gynaecologist) and the control group. A total of 193,000 cells were analysed. Table 2 shows the mean frequencies of various types of chromosome aberrations in each group. The most frequent type of aberrations in exposed subjects was acentric fragment (5.33 ac per 1000 cells), followed by dicentric chromosome (0.87 dic per 1000 cells), triand tetra-radial exchanges (0.12 exch per 1000 cells), and ring chromosome (0.07 R per 1000 cells).
The frequency of dicentric chromosome (dic per cell), which is considered the most important aberration type indicating exposure to ionising radiation, were as follows: control subjects 0.50x10 -3 ; anaesthesiologists 1.44x10 -3 ; anaesthetic technicians 0.89x10 -3 ; radiology technicians 0.74x10 -3 ; operating room nurses 1.00x10 -3 ; surgeons 1.15x10 -3 ; nurses 1.10x10 -3 ; radiologists 6.00x10 -3 , and urologists/ gynaecologists 2.13x10 -3 . All analysed types of aberrations except ring chromosomes were higher in the exposed groups than in controls. Ring chromosomes were not found in nurses, operating room nurses, and anaesthetic technicians.
In the Poisson regression analysis the magnitude of the association between variables was expressed in terms of parameter estimate, p value, relative risk ratio (RR), and 95 % confidence interval (95 % CI). Table  3 shows the results of Poisson regression analysis of acentric fragments and dicentric chromosomes by job title, age, sex, smoking habit (smokers and non-smokers, and smoking index), and years of exposure.
There was a significant increase in acentric fragments in all exposed groups (Table 3 ). Age as a confounding factor was also statistically significant for acentric fragments between the exposed groups and controls (RR 1.033).
For the dicentric chromosomes there was a statistical difference only between the urologists/ gynaecologists and controls (RR 2.290). Age and smoking index were statistically significant between the exposed groups and controls for dicentric chromosomes (RR age 1.056; RR smoking index 1.001) ( Table  3) .
With the exception of urologists/gynaecologists, chromatid exchanges (tri-and tetrardial exchanges) were significantly higher in all exposed groups than in controls (results not shown). RR was very high because there were very few chromatid exchanges (range 0-1 per person; 24 exchanges in the exposed groups, and no exchanges in controls; they were very rare). Ring chromosomes were very rare in all subjects (range 0-2 per person) ( Table 2 ) and Poisson regression analysis was not applied to these results.
Differences between the groups were determined using the two-sided chi-square test. Differences in acentric fragments between all the exposed groups and controls were highly significant (Table  3) . Anaesthesiologists too significantly differed from operating theatre nurses (p=0.0003), radiology technicians (p=0.0001), radiologists (p=0.0010), surgeons (p=0.0012), and nurses (p=0.0036), and comparing to urologists/gynecologists they are considered to be statistically significant (p=0.0214). Differences in dicentric chromosomes between controls and anaesthesiologists and urologists/ gynecologists were highly significant (p=0.0006 and p=0.0001, respectively). The differences were also high between radiology technicians and urologists/ gynaecologists (p=0.0004) and radiologists and urologists/gynaecologists (p=0.0007). Surgeons significantly differed from controls (p=0.0083). Anaesthesiologists significantly differed from radiologists and radiology technicians (p=0.0182 and p=0.0166, respectively), and operating theatre nurses from urologists/gynaecologists and controls (p=0.0311 and p=0.0387, respectively). Ring chromosome was the least frequent aberration type, both in the exposed and control population (Table 2) . However, the only significant difference was found between urologists/gynaecologists and controls (p=0.0269). Although minor inter-group differences were observed; for example, anaesthesiologists had higher incidence of ring chromosomes than anaesthetic technicians, operating room nurses and nurses (Table 2) , this difference was not statistically significant.
Differences in chromosomal exchanges (tri-and tetra-radials) were highly significant between controls and nurses and operating theatre nurses (p=0.0061 and p=0.0024, respectively).
DISCUSSION
Implications of delayed cumulative effects of occupational exposure to low-dose X-rays seem very important, especially with respect to the growing use of ionising radiation in medicine. Occupational exposure to ionising radiation has decreased over the past decades as a result of improved equipment, more rigorous protection measures, and greater awareness of radiation hazards by workers. In spite of these facts, the exposed population has manifested an increased rate of chromosome aberrations (1, 9-13). We used this rate to evaluate the extent of chromosome damage in metaphase preparations of peripheral lymphocytes in hospital staff.
Although limited by the routine technique used, this case-control study still shows interesting results that might contribute to our knowledge on the risk associated with ionising radiation sources. The other value of this study is the great number of The pattern of chromosomal damage recorded in peripheral blood lymphocytes of the exposed population was acentric fragments > dicentric chromosomes > exchanges (tri-and tetra-radials) > ring chromosomes. As expected, in the control population ring chromosomes were extremely rare, exchanges were not recorded at all, while other aberration types occurred with significantly lower frequency than in the exposed subjects. The control values of dicentric chromosomes in this study lie within the range of other published data (0.49x10 -3 per cell) (14) and our earlier studies (0.26x10 -3 per cell) (15) .
The results of this study indicate that the frequency of dicentric chromosomes, as one of the most important indicators of radiation exposure, strongly correlated with profession, possibly due to specific modes of exposure and radiation doses absorbed. This observation was also sustained by the results of statistical evaluation. The order of dicentric chromosome frequencies by profession was as follows: radiologists < radiology technicians < anaesthetic technicians < operating room nurses < nurses < surgeons < anaesthesiologists < urologists/ gynaecologists.
Certain job-related exposures were definitely associated with increased incidence of particular aberration types. For example, urologists and gynaecologists had the highest rates of dicentric chromosomes. Anaesthesiologists, on the other hand, showed the highest RR for acentric fragments. In this group, high aberration rates, evidently were the outcome of combined occupational exposure to ionising radiation and genotoxic chemicals.
Other authors also report higher rates of chromosome aberrations in subjects occupationally exposed to low levels of ionising radiation. In their meta-analysis of cytogenetic studies performed in four Italian laboratories in the period 1965-1993, Bonassi et al. (11) reported significantly higher frequencies of chromosome aberrations for various job titles in medical workers exposed to low doses of ionising radiation. Garaj-Vrhovac et al. also reported higher rates of chromosome aberrations in workers exposed to ionising radiation but differences between various job titles were not significant (16) . Some studies showed that aberration frequency increased with age (17) (18) (19) (20) (21) (22) . No significant age-related differences were observed in the study of Bender et al. (23) . A FISH study by Ramsey et al. showed an increase in dicentrics with age (24). Ballardin et al. (25) observed a slight increase in total chromosome aberration frequency with age. They also showed that mean chromosome aberration frequency in exposed technicians was significantly higher than in other profession groups. In our study, age is a significant confounding factor for acentric fragments (Table 3 ). An increase of 3.3 % for each year of age was observed for the frequency of acentrics (RR=1.033).
Literature reports on variations in smoking habits are conflicting. Health et al. (26), Lazutka et al. (27) , and Ballardin et al. (25) did not find any influence of smoking on the aberration level. Chung et al. (14) did not find any significant association between age or cigarette smoking and any type of chromosomal aberrations. On the other hand, some studies indicate greater aberration frequency in smokers than in nonsmokers (12, 28, 29) . Data from a study of Au et al. (30) suggest that the lymphocytes of smokers made more errors in DNA repair than the cells of non-smokers. Recent literature shows that the effect of smoking is more pronounced in men than in women (31) . Rowland and Harding (32) reported that the cells of cigarette smokers might have DNA repair problems. The major problem is a delay in repairing damaged DNA with respect to the cells of non-smokers. Bender et al. (23, 33) suggested that background aberration frequencies should be determined separately for smokers and nonsmokers in all studies where smoking is a confounding variable. Maffei et al. (34) showed that smoking significantly increased micronucleus frequency in exposed workers, but not in controls. Galloway et al. (17) found cigarette smoking a potential confounding variable for the frequency of chromosome aberrations. We found a significant correlation between dicentric frequency and smoking index (RR=1.00080; Table 3 ) as a parameter used to express cumulative smoking exposure quantitatively.
Literature data have not demonstrated significant differences in aberration frequency between the sexes over a wide age range. Bonassi et al. (35) expressed the differences between the sexes in terms of relative risk (RR) in women versus men after adjustment for age, smoking habit, and occupational exposure.
Our results showed that chromosome aberrations such as dicentrics were present in relatively low percentages and chromatid interchanges and rings were very rare in the exposed groups. This may be because DNA repair mechanisms act better at low radiation doses and over a long period of time (1) . Everyone bears their own radiation burden, consisting mainly of external exposure in the general and occupational environment and diagnostic x-ray doses. Furthermore, any biological effect and repair capacity vary individually (36, 37) . This includes variability in DNA repair mechanism and capacity, and inherited mutations (38) .
Our data show the importance of performing periodic controls of occupationally exposed populations. It is also very important to use cytogenetic analysis in pre-employment screening for such occupational profiles. 
